We achieve a significant signal enhancement for the triple-quantum magic-angle spinning NMR of a spin-3 2 system, by using an amplitude modulated radiofrequency field, followed by a selective 90 o pulse and a phase-shifted strong rf field, for the triplequantum excitation. Amplitude modulated pulses are used to convert the triplequantum coherence into single-quantum coherence for detection. The experiment is demonstrated on the 87 Rb NMR of polycrystalline rubidium nitrate.
Introduction
The introduction of multiple-quantum magic-angle spinning (MQMAS) [1, 2] has made the high-resolution solid-state NMR of half-integer quadrupolar nuclei routinely feasible. The method has found applications in many fields including catalysts, zeolites, minerals and glasses [3, 4, 5, 6] .
MQMAS was first implemented using a simple two pulse scheme [2] , in which the first pulse is used for the excitation of multiple quantum coherence (MQC) and the second pulse for the conversion of MQC into observable single quantum coherence (1QC). Both of these steps are rather inefficient, so the application of this experiment was hampered by its low sensitivity.
Much effort has been expended in improving the sensitivity of MQMAS experiments. Until recently, most progress was made in improving the conversion efficiency of the MQC into 1QC. For example, a long unmodulated radiofrequency (rf) pulse lasting one quarter of a rotor period was used to implement rotor-induced adiabatic coherence transfer (RIACT) [7] . Modulated rf field methods were also introduced, such as the fast amplitude modulation (FAM) [8, 9 , 10] and double frequency sweep (DFS) [11, 12, 13] methods.
It has proven to be more difficult to enhance the efficiency of the excitation part of the experiment. The RIACT-II [14] scheme uses a long unmodulated rf pulse lasting one quarter of a rotor period for both the excitation and conversion parts of the pulse sequence. Unfortunately, the enhancement in signal strength by RIACT-II is often accompanied by distortions in the anisotropic lineshapes, and hence a loss of spectral information. Recently, RIACT excitation of MQC was combined with a FAM sequence for conversion into SQC, leading to appreciable signal enhancements while avoiding unacceptable anisotropic lineshape distortion for spin-the enhanced signal was a factor of 1.8 larger than that obtained with a hard 90 o pulse. The enhancement is due to the selective saturation of the satellite transitions by the FAM sequence which enhances the population difference across the central transition. This application of FAM is termed rotory-assisted population transfer (RAPT) [17] . The limiting theoretical ratio of the enhanced to the non-enhanced
, where I is the spin quantum number [17] .
An initial FAM sequence has also been shown to enhance the spin- 
MQMAS
signals obtained with the RIACT-II scheme [18] . However, as remarked above, the RIACT-II scheme usually gives rise to distorted anisotropic line shapes, so the applications of this FAM-RIACT-II combination are expected to be limited.
In this communication, we show that the signal strengths produced by the RIACT-FAM method of Goldbourt et al.
[15] may be enhanced by a factor of around 1.5 by preceding the pulse sequence with another FAM scheme in order to implement rotoryassisted population transfer. This FAM-RIACT-FAM method achieves high signal strengths in spin- 3 2 systems without appreciable lineshape distortions. We report the pulse sequence used for the experiment, numerical simulations which substantiate the arguments and experimental results on the 87 Rb NMR of polycrystalline rubidium nitrate, RbNO 3 .
Experimental
All MQMAS experiments were performed on a Chemagnetics CMX-200 MHz spectrometer using a 4 mm double resonance probe at a magic-angle spinning frequency of 10.0 kHz. 87 Rb NMR signals were observed at a Larmor frequency of 65.502 MHz.
A fully packed rotor of polycrystalline RbNO 3 was used for the experiments. phase-cycled transients. The recycle delay was 1 s. The evolution interval t 1 was incremented in steps of 20 µs. The signal was digitised in t 2 using a sampling interval of 50 µs. The delay τ was set to the value τ =5.120 ms, so that the echo signal appeared in the middle of the acquisiton window. The rf phases were cycled according
π/4, φ rec =0 and φ dig =−3φ 1 + 2φ 3 in order to select the coherence pathways indicated in Fig. 1 . Here M = 0, 1, 2, · · ·, 95 is the transient counter. φ rec is the rf receiver phase, and φ dig is the post-digitisation phase shift [22] . An abbreviated phase cycle, which achieves the same degree of selectivity using 23 steps, will be described elsewhere [23] .
In the following discussion, the performance of the FAM-RIACT-FAM is compared with a number of other MQMAS methods, including the original two-pulse scheme (CW-CW) [2, 7, 24] , the RIACT-II [14], the pulse-FAM method (CW-FAM) [8] , the RIACT-FAM method [15] and the FAM-RIACT-II method [18] . In these comparisons, all relevant pulse sequence parameters are the same as those used in the FAM-RIACT-FAM sequence. The MQ excitation pulses used in the two-pulse scheme [2, 7, 24] had a duration of 8 µs. The MQ−→1Q conversion pulse in the two-pulse scheme [2, 7, 24] had a duration of 2 µs.
Theory
In this discussion, we index the Zeeman eigenstates of a half-integer spin according
>. Single-transition operators may then be defined in the usual way [25] . The performance of the FAM-RIACT-FAM sequence in a spin- 3 2 system is based upon the following observations:
• The initial spin density operator is proportional to I z = 3I 14 z +I 23 z , i.e the largest population difference exists across the two extreme Zeeman eigenstates
• As described in Ref. [17] , the extended FAM sequence leads to an equalisation of the populations of the outer state pairs {|1 >, |2 >} and {|3 >, |4 >}, leading to a density operator roughly proportional to 2I • The strong rf irradiation for an interval of 1 4 τ r leads to a reasonably efficient conversion of central transition 1QC (I 23 x ) to three-quantum coherence (3QC), through rotor-assisted adiabatic coherence transfer, RIACT [7, 14] . Note that both components |2 >< 3| and |3 >< 2| contribute to the (+3)-quantum coherence |1 >< 4|, as indicated by the two coherence transfer pathways in Fig. 1.
• After the first part of the split evolution interval, the (+3)-quantum coherence • The selective central transition π pulse leads to an echo of the (-1)-quantum signals, allowing the acquisition of pure absorptive 2D spectrum, as recommended by Massiot et al [19, 21] . The signal during t 2 is shown for a 3Q evolution time of t 1 = 900 µs. The secondorder quadrupolar echo is observed at t 2 = 700 µs. The magnetic field was assumed to be 4.7 T.
Numerical Simulations
All simulations were performed using the program SIMPSON [26] . 615 quadrupolar orientations, selected according to the ZCW scheme [27, 28, 29] were used to simulate the powder response. The simulation parameters were the same as used for the experiments, outlined in Section 2. 
Results

Figure 3 shows a compilation of 3QMAS
87 Rb NMR data obtained on polycrystalline The spectra in 3(a), (b) and (c) were produced with the two-pulse sequence.
The isotropic peaks are assigned to the Rb sites in Fig. 3(a) . Higher intensity was produced with the RIACT-II method, Fig. 3(d) , (e) and (f), but the anisotropic lineshape in Fig. 3f is quite distorted. This is a common observation with RIACT-II
[15].
The spectra in the next two rows were produced by using FAM for the 3Q−→1Q
conversion. In Fig. 3 (g, h, i) a short CW pulse was used for the 3Q excitation, while in Fig. 3(j, k, l) , a RIACT pulse was used. The results are fairly similar.
The fifth row, Fig. 3(m, n, o) , has spectra from the sequence FAM-RIACT-II (also known as RAPT-RIACT-II [18] ) which has an enhanced signal intensity in comparison with the spectra from the RIACT-II scheme, Fig. 3(d, e, f ).The anisotropic lineshape shows an improvement with respect to that from RIACT-II scheme, but some distortions are still evident.
In the final row, Fig. 3 Further enhancements are conceivable. For example, the RIACT-FAM method exploits the enhanced population difference across the central transition achieved by the first FAM sequence, but does not take advantage of the population difference across the 3Q transition, which is also considerable. Single-pulse excitation, on the other hand, mainly exploits the 3Q population difference to achieve 3Q excitation, but the efficiency is poor. A method which exploits both population differences to achieve 3Q excitation is conceivable, but has not been implemented to the best of our knowledge.
The FAM-RIACT-FAM sequence is probably not optimal for experiments on spin- 5 2 and higher, since the efficiency of the RIACT transfer is strongly degraded by unwanted level crossings. We have preliminary evidence that good results may be obtained in spin- 5 2 systems by also replacing the RIACT sequence by FAM leading to a FAM-CW-RAM-FAM sequence. Similar observations have been made by others [30] . This is under investigation.
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